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ABSTRACT 122‘61t7

The results of a further study to develop an improved radiation-
resistant solar cell by the incorporation of an electrical field are

described.

Included are the results of a theoretical computer evalu-

ation, drift field fabrication experiments, and radiation damage data.

The radiation damage data shows the results of saturation current
and the diode equation A factor change as a result of irradiation on
a sample group of cells. The degradation characteristics of these
cells are also given under tungsten and sunlight illumination.
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1. INTRODUCTION

The technical objectives of this contract were threefold. One
objective was to extend the previous efforts conducted in theoretical
studies on drift field solar cells {(Refs. 1 and 2). Another was to
examine the possibilities of changing the drift field configurations
in order to further decrease the rate of degradation of short-circuit
current of solar cells when exposed to energetic particle bombardment.
In addition, the problem of open-circuit voltage degradation was
investigated since this parameter is important in determining the end-
of-life output power obtainable from such cells. Solar cells fabri-
cated in accordance with these theories were submitted to the tech-
nical monitor for radiation-damage testing.

Several parameters contributing to open-circuit voltage degrada-
tion were investigated on a group of cells prior to and after irradia-
tion. These included saturation currents, A" factors and current
versus voltage characteristics in sunlight and tungsten illumination.

Cells of three types were fabricated from 1, 10, and 25 ohm-cm
starting silicon material. The basic process employed a diffused drift
field in the base material and a low.resistivity, epitaxial layer on
the back side of the cell adding to its thickness and strength.
Sintered, silver-titanium contacts and silicon monoxide, antireflection

coatings were employed.
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2. THEORY OF DRIFT FIELD CONFIGURATION

The data necessary to program the computer for numerical solution
of the diode continuity equation was submitted to the technical
monitor. This present solution takes into account a high drift field
toward the back of the cell, whereas previous work on a solution con-
sidered a high drift field toward the front of the cell (Ref. 2).

This required a change in the boundary conditions necessary for evalua-
tion of the various constants in the solution. The data and the condi-
tions necessary for programming are given in the appendix of this
report. (The results are shown in Fig. 1.)

In comparing this to the results obtained by EOS under NASA
Contract NAS5-3560 (Ref. 1) which assumed a high field toward the
front of the cell (Fig. 2), it would be reasonable to assume that a
more efficient cell results by utilizing a high field strength near
the junction, although this was not intuitively obvious. The two
types of field profiles considered for the calculations of current
collection efficiency are shown in Fig. 3. Case I assumes a linear
change of field strength through the active base region, with the
highest field at the p-n junction. Case II again assumes a linearly
changing field, but with the high field at the back of the active
region. It should be noted here that if the field is formed by a long
diffusion of an acceptor-type dopant into p-type base material_from
the back, the impurity distribution being an erfc, a field profile
approaching Case I is attained. Also, the average field strength
(assuming a 105 ratio in the number of impurities) is approximately
0.3/w volts cm_l, where w is the field width. This would give a field
varying linearly from zero to 0.6/w volts cm-l. Also, for the purpose
of approximation, both u and T were assumed to decrease linearly with

position as one proceeds toward the heavily doped portions of the base
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region. These assumptions also can be justified by considering both
p and 7 to be valued 1qw in the low resistivity material at the back
of the cell and increasing to higher values in the high resistivity
material at the front of the cell (Ref. 2). In comparing the results
of the calculation as shown in Figs. 1 and 2, no vast difference is
seen between the two cases, although a smaller optimum field width
and lower base collection efficiency is predicted for Case 1I. The
sample cells fabricated during the course of the contract were

designed in light of this investigation.
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3. CELL FABRICATION

3.1 Drift Field Diffusion

Solar cell blanks, 1 x 2 cm, p-type, and of 1, 10, and 25
ohm-cm resistivity were initiated through the process of drift field
fabrication. This was performed by depositing boron with a surface
concentration of approximately 7 x 1019 atoms/cm3 on one polish-etched
side of the blanks and diffusing them at a temperature of 1300°¢C for
a period of 64 hours. Assuming a complementary error function distri-
bution, a field depth of approximately 80 microns should have resulted.
This was verified by evaluating 1 ohm-cm n-type control slices,
processed along with the p-type blanks, by angle sectioning and stain
etching, which resulted in a junction depth of approximately 90 microns,

confirming the theoretical calculations to an error of within 10 percent.

3.2 Drift Field Evaluation

Several samples of the p-type diffused blanks were evaluated
by successive etching and 4-point-probe measurements. The resulting
impurity concentration profile versus the theoretical curve is shown
in Fig. 4. The theoretical value of surface concentration, 1.2 x 1019
atoms/cm3, was obtained by the measurement of sheet resistance and
junction depth on the control slices (Ref. 3). It should be noted
that the surface concentration had dropped from the initial figure of
7 x 1019 to the lower figure during the long diffusion period. It
should also be noted that this lower value of surface concentration was
verified by the successive etch-and-probe technique. However, the
anomalous result obtained in the 60- to 90-micron region of the diffused
field cannot be adequately explained. It is possible that because of
the close proximity of the back of the slice to the probe, as the

sample became thinner, inaccuracies in probe measurement were obtained.

No probe correction factor was applied.
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3.3 Epitaxial Growths

The passive region at the back of the cell was grown by
conventional epitaxial techniques using the hydrogen reduction of
silicon tetrachloride. (Figure 5 shows a schematic diagram of the
growth apparatus.) The growths were of low resistivity (approximately
0.005 ohm-cm), and the doping performed by addition of boron tribro-~
mide to the silicon tetrachloride in the bubbling bottle. The first
growths attempted were not of good, single crystalline quality, and
yielded cells with poor electrical characteristics. Dislocation etches
performed on the n-type surfaces of the cells fabricated from these
first growths displayed dislocation pits, singly, in clusters, and in
long lines of the top surfaces. These imperfections are thought to be
because of plastic deformation of the single crystalline layers. This
was attributed to thermal coefficient of expansion differences between
these and the imperfect growths. Later runs yielded much better cells
and dislocation etching did not display large numbers of etch pits.

3.4 Junction Diffusion

After lapping and polish etching of the p-type diffused
samples to the edge of the field region, an n-type layer was formed on
the top surface by phosphorous diffusion forming the p-n junction.
This diffusion was performed at a temperature of 930°C for a period of
30 minutes, yielding an 0.3- to O.4-micron deep p-n junction in the
1 ohm-cm substrate. The junction depth was verified by conventional

angle sectioning and stain etching techniques.

3.5 Contact Application and Antireflection Coating

After removal of the oxide layer formed by the phosphorous
diffusion, grid-type contacts of sintered silver-titanium were applied
to the cells. Approximately 200 to 3008 of titanium and 15 to 20
microns of silver was evaporated onto the samples through a suitable
grid mask. The sintering was performed at a temperature of 730°C for

a period of 3 minutes. After suitable masking, the edges of the cells
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were etched in a hydrofluoric-nitric acid solution to remove the

[}

evaporated metal and to clean the junction periphery. Antireflection
coatings were applied by vacuum evaporation of silicon monoxide. The

coating thickness was optimized for sunlight illumination.
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4. CELL EVALUATION

Spectral responses were taken on a few selected cells of the
1 ohm-cm type, employing a modified Perkin-Elmer Model 13 monochrom-
ator. The ddta were plotted on both a constant energy and a constant-
photon basis, with the peak in the constant-energy case occurring at
approximately 7000A. This indicated that 1 ohm-cm material possessed
too low a lifetime for consideration as drift field cell material.
Spectral response measurements taken on representative samples of
10 ohm-cm cells indicated the peak response to occur at approximately
75004 to 8000A.

I-V characteristics taken under tungsten illumination showed the
1 ohm-cm cells to have conversion efficiencies between 5 to 7 percent
and the 10 and 25 ohm-cm cells to have conversion efficiencies in the
6 to 8 percent range. The results are shown in Tables Ia to Ic. The
tungsten light was calibrated with an n on p standard cell, and con-
sequently the efficiencies are low. However, in sunlight illumination,
the efficiencies increased by 15 to 23 percent. (See Table II.) The
reason for this is that the peak response of the drift field cells
occurs at about 7500 to 8000A if considered on a constant energy basis.

In order to investigate the open-circuit voltage degradation
question, the saturation currents on several sample cells were
determined. This was done by measuring the slope of current versus
voltage in the 0 to +5 millivolt region, with the cell in complete
darkness. The shunt resistance of the cell was determined by con-
sidering the slope of the voltage versus current in the 0.5 to 1.5V
region. The procedure for determination of Io can be explained by

considering the following equations:
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TABLE Ia

TUNGSTEN EFFICIENCIES AND SHORT-CIRCUIT CURRENT
OF CELLS FABRICATED FROM 1 OHM-CM MATERIAL

Efficiency Isc in amps Efficiency Ig. in amps

Cell No. in Percent x 107 Cell No. in Percent x 10-3

E54-5a 5.2 29.5 E54-8a 6.8 30.0

ES4-6a " 5.5 26.0 E54-8b 6.4 29.0

E54-7b 6.4 30.0 E54-8c¢ 5.7 27.0

E54-7c 6.3 28.5 E54-9a 6.4 29.0

E54-7d 6.5 30.0 E54-9b 5.9 28.5
TABLE Ib

TUNGSTEN EFFICIENCIES AND SHORT-CIRCUIT CURRENT
OF CELLS FABRICATED FROM 10 OHM-CM MATERIAL

Efficiency I in amps Efficiency Ige in agps

Cell No. in Percent 5% 1073 Cell No. in Percent x 107
E55-1a 6.9 32.0 E56-2c 7.1 32.5
E55-1b 8.2 37.5 E56-2f 7.0 33.5
E55-1c 6.8 32.5 E56-3d 6.6 31.5
E55-2a 6.7 28.5 E56-4a 7.8 34.5
E55-2b 6.5 29.0 E56-4c 7.0 31.5
E55-2¢ 6.7 29.0 E56-3a 6.8 31.0
E55-2d 7.0 31.0 E56-1c 6.9 31.5
E55-3a 6.1 26.5 E57-1 6.7 35.5
E55-3b 6.9 29.5 E57-2 6.9 33.0
E55-4b 6.4 26.5 E57-3 6.4 30.0
E56-1a 8.1 37.0 E57-4 6.5 29.5
E56-1d 6.7 32.0 E57-5 7.7 36.5
E56-1f 6.5 30.0 E57-6 7.0 36.0
E56-2a 7.0 30.5 E57-7 7.5 34.5
E56-2b 7.4 33.5 E57-9 6.1 31.0
E56-2c 7.5 31.5 E57-10 7.1 35.0
6973-Final 13



TABLE Ic

TUNGSTEN EFFICIENCIES AND SHORT-CIRCUIT CURRENT
OF CELLS FABRICATED FROM 25 OHM-CM MATERIAL

Ffficiency ISC in f?ps gfficiency Isc in amps

Cell No. in Percent x 10 Cell No. in Percent x 10
E58-1 7.6 36.0 E58-16 5.5 28.5
E58-2 7.6 39.5 E58-17 7.9 38.5
E58-3 8.2 41.5 E59-1 7.2 37.0
E58-4 7.5 35.5 E59-3 6.3 31.0
E58-5 7.8 39.0 E59-5 6.4 34.5
E58-6 6.9 30.0 E59-6 6.7 33.5
E58-7 7.8 37.5 E59-7 5.9 32.0
E58-8 5.5 29.0 E59-8 7.7 36.5
E58-9 7.4 39.0 E59-9 7.4 34.0
E58-10 6.1 35.0 E59-10 7.0 35.5
E58-11 5.7 30.5 E59-11 6.4 35.0
E58-12 6.5 35.5 E59-12 6.8 34.5
E58-13 7.4 39.0 E59-135 7.5 38.0
E58-14 7.0 36.0 E59-155 6.6 38.0
E58-15 7.4 39.5

6973~Final . 14
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- 1‘1) _ v
I Io exp (KT I0 + R (1)
dI q_ ( v> 1 -
- = 1 exp + —
d K
v o KT T Rgy (2)
Kr[dl 1:]
1 = — |l -—las V-0 (3)
o q v RSH
where
Io = saturation current
V = output voltage
RSH = shunt resistance
q = electronic charge
= Boltzmann's constant
T = temperature in OK

The A ‘factor was not taken into account in these calculations
since even small deviations from A = 1 would affect only small
discrepancies in the calculation of I . The values of Io obtained
before and after irradiation with 101 ly eV electrons cm.2 are listed
in Table III,

However, in evaluating the total power available from the‘cell at
the maximum power point, the A factor becomes important in determining
the current flowing internally in the cell. This can be shown by

considering the diode equation:

= ﬂ!_) - A
I [Io exp (AKT I0 + RSH IL 4)

The bracketed term represents that portion of the current dissipated

internally subtracting from the light generated current I As the

L’

A factor decreases in the exponential term, the total I_ delivered to

L
the outside circuit of the cell becomes less and the power of the cell
deteriorates, this being in addition to the loss of IL due to a decrease

of collection efficiency.
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TABLE III

Io OF 10 OHM-CM CELLS BEFORE AND AFTER IRRADIATION

1, Before ' I, After
Cell No. Irradiation in Amps Irradiation in Amps
E56-1a 1.15 x 1077 1.6 x 1077
ES6-1d 1.81 x 10°° 8.2 x 107/
E56-1f 3.68 x 10°° 3.1 x 1078
E56-2a 2.8 % 1078 1.0 x 1077
ES56-2b 4.3 x 1078 4.7 x 1077
E56-2c 5.2x 107 1.3 x 1077
E56-2d 3.9 x 1078 3.3x 1078
E56-4a 5.6 x 1070 7.5 x 1078
E56-4c 3.9x 1078 6.0 x 1078
6973-Final ‘ 17




Consequently, A factors were determined before and after
irradiation on the same group of cells on which I0 measurements had
been taken. The calculations were made by measuring the short circuit
current I C and open circuit voltage V

S
and substituting in the relation:

oc at various light intensities

0C
= Iz (5)
1n[ﬁ+ 1]
(o)

v
A I

I

the vaiue of I°4used, being that which had been determined experimentally
as mentioned above. The data is shown in Figs. 6 through 14. The gen-
eral decrease of the A factor after irradiation on all the cells tested
indicates that irradiation causes a deterioration not only by the
decrease of short circuit current, but also by an increase of the inter-
nally dissipated current.

Tables IV and V show results of cell characteristics under tungsten

and sunlight illumination before and after irradiation.

6973-Final 18



SRR I NN RN . RE
AR R ;ﬂ i
“ ++4 Ll 1t L‘ .ﬁ. o w
+ o L Ca g
t+ 44 xrq _~ ! 1 M
! R o4 -
HHH FH e S
1 UL UE WS U % U PRI B Y —
AR IARARR AN NRRES FR S
h H -+ [ _+ L4 e
H T e
bR ! ”J.MJA_ Auk i _ﬁ.l,* bort
ARSI p AR AR RN e
.,Ii. +H.__ 4 **. L.p_v.*‘rf L _v+
ijBiTRabed Inda sbRRR T
| J i ! i
bbb b Y e b SR
I gl JRpSE .
# TR !w‘ - " et et 1 #
4 bt fl_vlr_.. 4 4ttt L.V‘l 4
. } RO RS " ; -
winssEn AR aRai :
wf;,fLéjw.; Lip]
NERE
3 L. | \J%w! N . m
MM ﬂ4;.1w+1 ; .

o
vk
1
-
4
+

S

—i

=t
H
A

"9\ '3IOVIIOA LINDYID N3IJO

0.500

o

0

Ahw e ﬂ ;
S Tt
i T )
Pepfeoes 1 L
AH e +ﬂ.ﬁ - +
o 4t ,,m.,.; .-
_\n:+_ [ Lh__
oo b s M_._\
™ t \M
|55 DU PR PO I RS EU P I R D,
e , :
T RN & 0 ! M
. ; N ; | : :
B v LIt B . o + N +
_ M ] . , - g
SR A SR " 3 o _
RS DR U M G .
. | ) ; ) S
I R v . e i ' ” ' '
o
o
<t

0.200

1.4 1.6 18 2.0 2.2 2.4 2.6 2.8

1.2

A FACTOR

6 CELL E56-1la

FIG.

19

6973~-Final



iyl b e
i .TW..T ,t. bios
bt | RN '
1. H . T . | : - .
L] IR NN
e RN ‘
w .— ,,nA_ ). ' B
P b et oy
i HES ,_:,1 ‘.,H v«ﬁ R
Ligf b et LR
Lis fTr bbb b
e 4 H
IR 1 -
; +
i
L ey
| i |
. 1hte
BEEE

]

200

0.

1.4 1.6 18 20 2.2 2.4 2.6

1.2

A FACTOR

7 CELL E56-1d

FIG.

20

6973-Final




2.8

u;, ritHr i.A -
| ﬁ _
444 Haby
i+ ,
B !
4_, s o~
+ <
i H :
H- +4 . b
i et 1<
L4 o N
L .
HHAA i
Hi .
. T ,- ~N
I _~ (9]
i ]
L] 344+ .
Rk o 1<
_ i 1~
_ (074
g o)
AR T L 4 =
“ et @ U .
SR NEY — oy
\ T A
RS N w
! B ! ' 1
‘+x, yﬁv..WJ, R #. - 6. A
= ~_ SR S S -~
. Pee e ey e
oo T .
. . < 1
ot R R . . SN - f..”
nq. -t ‘ ] 1 ' 4 w r ]
" N DR A =
i i (o] Q
M.,_!_. : . .u
H o ) C — -] =
| RREY s ” . . P
B ; y _ u | © I
.._v<.,w‘ [ EEERERNE EEEE ETNR A S ST SRR B [ ~
i ( ¢ N i o o
\O

0.600
0.500

0.200

$110A * 997 '3OV110A LINDYID N3IJO



e
¥

T

RS S

uJ

R

BE

b g

e R

$110A ' 997 3OV 110A 11NDYID N3JO

a0
(9]

1.4 1.6 18 20 2.2 2.4 2.6

1.2

A FACTOR

9 CELL E56-2a

FIG.

22

6973-Final




A FACTOR
23

s
'

10 CELL E56-2b

FIG.

6973-Final

0.800

. $110A* 2\ "3OV10A LINDYID N3O




+
T
H

[+ o]
(9 ]

B kTt Sy
i

[

4

2.6

BRp.
g e
-1

b

2.4

g

-+

2.2

—t— - T} —~

P

A FACTOR

CELL E56-2c

11

FIG.

24

6973-Final




2.8

T

]
EY
4
T
1
.
]
1
T
-+
T
T
— 1
T3
}
R
I
1*__4}—
T
1_J__
B
:

S S e

By

t

c e

1

4

2

— e

e o

2.2

by e
¥ t

[ s S s
t
e
H
+
1
1
~t

20

18
A FACTOR
25

1.6

.

1.4

VS A O S A R S N s G S
i
2

1.2
12 CELL E56-2d

FIG.

6973-Final

0.200




a0
B el o
A.Q
. 0
o~
Lo g -
|
d=
! N
..
I s
| o
“ . o
i
H
! 1
W 1o
] A o~
SR (a4
1 O
. —
- 0
@ O ©
A o~
’ (VI
e <
. .
<
< O
,,,,,, . — ey
=
_ =
[ |
=
(9] e —
N 1]
' Lo o [=}
...... . i od
<
* )
i 2] R
= - ~
fx o
- 0
(@)
(]
o~
o

sijoA ' 297 39V 110A LINDYID N3O




2.8

A L IARRUBERE RN Pl b
A., h. + T-‘ﬂx,}f..__w%w». # + ”M .
o 1y
iy 44 B 44—t HH_. 6
, » ~
- g,k - , . ‘
f_” I ; 4 i
-Jl:_”t:tﬂ i+ W
LLid b 4 4+ 4- . -
staesannal i <
T RENaG . o~
3444 b 4. Coe -
LT BT
T W T T ~
A : T
f*j 44 A s s | N
HEin |
, o
N
., o
—
a O ~
F v
” o <
—
. )
v
. < ©
; — 9
-
|
X
. (8]
2 ()
v — ot m
b o
o in
T ot Py
B . (™ ~
it p— [«
v

0.800
0.200

. $4)0A ' 207 '3OV110A L1INDY¥ID N3IJO




w\.lll"'l--'ll'l'l"

%71 0°¢ m-oH X [°8T S ¢ m-oH X 0°0¢ o%-9¢
71 £ < m-oﬁ X 7°6¢C 8¢ m-oH X [°0¢C BY-94
Al 6"y m-oH X 1°8¢ VARY m-oA X %7761 PE-9¢
71 AR m-oH X €°0¢ 8¢ m-Oa X 0°C¢ JC-9¢
71 AR m-oH X 7767 9°¢ m-oH X 2°0T PZ-9¢ ©
ST LY (0T X €767 1°¢ c01 % L7901 22-96 -
71 £°6 m-oH X 8°6¢C L°g m-oH X 0°1¢ q9Z-9¢
¢ Sy m-oﬁ X L% 0°¢ m|oH X G¢°91 BC-9¢
Y1 €S m-oH X [*8¢C 8°¢ m-oH X ¢*0¢ F1-9¢
71 9°¢ m,oH X 0°2¢ 0% m-oH X 0°¢¢ P1-9¢
71 ' 9 m|oﬁ X 9°2¢ 7'y m-oH X €2 e1-96
JU2219g Ul 9SEBIAOUT Juadasg ul sduy ut Jjusda9g uI sduy ut *ON TI®D
£oua105133y us3ssung £>us121331 °S1 £ous101337 °S1
I9AQ 3Yy31TUNg 3y811Ung 1y811uUng ua3s3uny, u23s3ung

NOIIVIQVHYI ¥ALAV IHOT'INAS ANV NALSONAL NI XONFIOIAIA ANV INAWMND IINOWID-IMOHS
AT J19V1

6973-Final




6¢ €T L1 9 LE o%-9¢

% 9¢ L1 16 0% BH-0G
LE ve L1 6% 6¢ P€-9¢
LE £c ST 9% 43 3¢-9S
se \£A 81 6% 8¢ PZ-9¢
LY he 61 6§ 8% 92¢-96
8¢ 2T 81 0s e 9Z-9¢
LY £e 91 LS 9%y BC-9¢ K
e | 44 71 1A rAY F1-9¢
A% 81 CT 1% 8¢ PT-9¢
e e ST Ly 9¢ B1-9¢
(1) (%) (%) (%) (%)
uorjepeadaqg uoTiepeadaq uotiepeiIag uot3jepeidaq uor3lepeidaq Jaquny
Koua1o71339 28 20 Aoua10133% oS 1120
Jy81ung I y317uUng A uais8ung, usys8uny, 1 uajs8ung
L)
g
LHOT'INAS GNV NALSONNL NI =
XONATOTJdE ANV “°T 40 NOIILVAVYOAQ AOVINADNAA )
[
A TTEVL A



5. DISCUSSION OF RESULTS

The lack of any systematic relation between the various parameters
of the cells altered by irradiation indicates that perhaps the mech-
anism of V0C~degradation is a random process varying with each individ-
ual cell, or that yet another parameter exists which has not been
measured on which VOC is dependent.

However, one striking fact is evident concerning the A factor,
that is, that although the shape of the A factor versus VbC curve is
essentially similar before and after irradiation, the values of the
A factor on all the cells measured decreased. Since the drift field
cells used in these experiments are of a highly experimental nature,
it is suggested future work on radiation damage to solar cells include
an evaluation of Io and A factor changes.

Also, the data presented includes only the results on the 10 ohm-cm

base cells. The results of irradiation on the 25 ohm-cm cells were not

available at the time of writing of this report.
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APPENDIX

SOLAR CELL CONTINUITY EQUATION FOR DRIFT FIELD CELLS
(with a high field at the back of the cell)
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'lﬂull' ELECTRO-OPTICAL SYSTEMS, INC.

300 N. HALSTEAD ST., PASADENA, CALIFORNIA, 91107 = AREA CODE 213 681-4671, 449-1230 * TWX 213-577-0060

A Subsidiory of Xerox Corporation
26 July 1965

Dr. P. H. Fang

National Aerconautics and Space Administration
Goddard Space Flight Center

Greenbelt, Maryland

Dear Dr. Fang:
Enclosed is the data necessary to solve the solar cell continuity equa-
tion for drift field cells, with a high field at the back of the cell.

The previous solution considered a high field at the front of the cell.

The equation governing the active or drift-field region of the
cell:

2
de dx

dx dx u 3; T
A
[ Cnoy a@oe A(M)x g (1)
0
becomes:
2
kT d'n KT .6x dn
—=((C + Px) — + |P (&)+ = (C + Px)|=— +
q dx2 [ o q w2 ] dx
6% .6 19
[P - + = (c + Px) - ;J n =
w w
10 -a(A).x
2 N()\)j a(x)j e J (0.33Rj) (2)

j=1

upon substitution of the following identities again assuming a
linear change in x of the variables:
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Dr. P. H. Fang

g = C + Px, mobility of electrons in cmz-sec-1 volt-l
[ - P in cm sec.1 volt
dx
kT kT . ,
D = p(—) = (C1 + Px) == , diffusion constant of electrons by
q Einstein in relation in cm? sec”
dD _ kT, . -1
= - P( q) in cm sec
T = electron minority carrier lifetime in secs
0.6x _ . . -1 ,
E = > = field in volts cm =~ where w is the boundary between
\ the active (drift field) and passive regions
dE _ 0.6 . -2
i w2 in volts cm

The equation governing the passive layer toward the back of the cell is

n_
- =0 (3)

assuming B to be constant, E to be zero and the forcing term

e

- [ NQOe (e w(Mx gy
0

to be negligible. The solution is

~x/L x/L
e

n(x) = A + Be where L2 = Dr (4)

where B 0 since n = 0 as x = o,

For evaluation of the constants A and By in any solution of Eq. 1,
we can again describe the general solution of Eq. 1 as:

n, (x) = Alfl(x) + Ble(x) + f3(x) (5)
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Dr. P. H. Fang

e
and the solution of Eq. 3 as
nz(x) = A2f4(x) (6)
The three boundary conditions necessary are defined by:
1. Considering the junction a sink for carriers:
n(xj) = 0 (7
so that
nl(xj) = Alfl(xj) + B1f2(xj) + f3(xj) = 0 (8)
2. Preserving continuity of carriers at x = w:
nl(w) = nz(w) 9)
3. Preserving continuity of carrier flow at x = w:
DT + E(w(w) nl(w) = DT (10)
The second term in the left member comes about because of the dis-
continuity of the field strength at x = w. The carriers in the
immediate vicinity of x = w in the field region (region 1) are
affected not only by diffusion, but also by the strong field.
6.6 |__
w
E
Region 2
0 . =
X, Region 1 X =w
J y R
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Page 4 _
L

Substituting Eqs. 5 and 6 into Eq. 9:
Al £,w) + B f,(w) + fi(w) = A, £, (w) (11)
and the derivatives of Eqs. 5 and 6 into Eq. 10:

E(w)n (w) n, (w)

AL £ @) + BIESG) + ELG0) 4 > = A, £, (@) (12)

1

and by solving out of A2 and rearrangement of terms we obtain:

; ; | , E(w) (w)n, (w)
£.w) £(w) £,Gw)  £,(w), fa0a)  £3(w) + 5
Sl sk TR - 1 I e - (13)
f4(w) f4(w) . f4(w) fa(w? , - ﬁ4(w) f4(w) 4
This plus a rearranged form of Eq. 8:
A1 f1 (xj) + B1 f2 (xj) = - f3 (xj) (14)

are two linear equations of two unknowns which again can be solved by
determinants yielding:

(1, [, [y, [
-fo(x.) f£.(x.) £o(x.) -f.(x,)

A1 = 3 xJ 2 %l and B1 = 1 *J 3" (15)
(3, 13, S
fl(xj) f2 xj fl(xj) fz(x )

The numbered brackets corresponding to the numbered brackets in Eq. 13.

For purposes of programming, it should be noted that the only differences
that exist between this solution and the previous solution are the altered
expressions for E and dE/dx in the linearized form of the continuity equation

and the altered form of the bracket 3 term in the determinant solution for A

and Bl' 1
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Dr. P. H. Fang
Page 5

hem

Although the numerical values are the same as in the previous work, I
reiterate them here for completeness:

1. For the Gaussian quadrature evaluation of the forcing integral:

A (in W) 0.33R (in W) o (in cm-l) (in cm-2 p-l sec-l)
1. 0.429 2.20 x 1072 3.7 x 10° 3.9 x 107
2. 0.465 4.92 x 1072 2.0 x 10® 5.0 x 10/
3, 0.526 7.23 x 1072 9.0 x 10° 5.2 x 107
4. 0.607 8.88 x 102 4.3 x 103 5.4 x 10%7
5. 0.701 9.77 x 1072 2.2 x 10° 5.0 x 101/
6. 0.799 9.77 x 1072 1.03 x 10° 4.5 x 10%7
7. 0.893 8.88 x 10”2 4.5 x 102 4.1 x 1087
8. 0.974 7.23 x 1072 1.56 x 102 3.7 x 10%/
9. 1.035 4.92 x 1072 42.0 3.5 x 1017
10. 1.071 2.20 x 1072 17.0 3.5 x 101/
2. For the constants at 300°K:
KL . 0.02s, 9o = 385, ¢, = 1500 em? sec” ! vore™!
3. For the variables:
254 wide drift field
w=2.5x 10-3 cm
P=-5.8x 105 cm sec
T = 10-5 secs h T = 10.6 secs A
= 3 x 10-6 secs -5 = 3 x 10-7 secs -3
6 at x = x, = 5 x 10 cm -7 >at x=w=2,5x10 cm
= 10~ secs J =10 secs
B} -8
=3 x 10 7 secs ) =3 x 10 secs J
6973-Final 5
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504 wide drift field
w=205x 10-3 cm
P=-2.9x 105 cm sec-l

T = 10-5 secs

=3 x 10-6 secs

)

= 10'6 secs

=3 x 10_7 secs

N e,

604 wide drift field
w=06%x 10-3 cm
P=-2.4x 105 cm sec-l
T = 10-5 secs W

=3 x 10-6 secs

= 10-'6 secs

= 3 x 10_7 secs

80u wide drift field
w=28x10> cm
P=-1.8x 105 cm sec_1

T = 10-5 secs

=3 x 10-6 secs

-6 at x = x,
= 10 secs J

=3 x 10-7 secs

6973-Final

Y at x = xj = 5x 10

Dr.

P. H. Fang

Page 6

le‘6 secs
3 x 10-7 secs
10-7 secs

3 x 10-8 secs

10-6 secs
3 x 10“7 secs

10-7 secs

- -8
3 x10 secs

10'6 secs w
-7
3 x10 secs

10-7 secs

3 x 10“8 secs J

at x =w =5 x 10_3 cm

S at x =w =8 x 10-3 cm

G G G5 ES GP G S BN G G G G G U G U ap =




‘%

T = 10"5 secs

Wem

100n wide drift field

w = 10-2 cm

1

P= -1.45x 105 cm sec

T =10 secs

3 x 10“6 secs

-6 at x = x. =5 x 10-5 cm
= 10 secs J

3 x 10-'7 secs‘J

1254 wide drift field

1.25 x 1072

€
"

-1.16 x 105 cm sec-1

*d
it

T = 10-5 secs h

3 x 10_6 secs -5
-6 at x = x, = 5 x10 cm
10 secs J

3 x 10-7 secs

150u wide drift field

1.5 x 102 em

€
[}

= -9.7 x 10* cm sec]

o
[

-

3 x 10.6 secs

-6 at x = x, = 5 x 10.5 cm
10 secs J

3 x 10-7 secs
W,
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10“6 secs
3x 107/
10-7 secs

3 x 10-8

10 secs
3x 107/
10-7 secs

3 x 10

10-6 secs
3x 1077
10-7 secs

3 x 108

8 secs J

Dr. P. H. Fang

Page 7

secs

secs J

secs

secs

secs J

at x = w

at x = w

1.25 x 10 © cm

1.5 x 10‘2 cm



Dr. P. H. Fang
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2000 wide drift field

2 x 10—2 cm

£
I

P=-7.25x 104 cm sec-1

10—6 secs h

T = 10_5 secs T

3 x 10-7 secs

-6 / i -

10 secs 10 7 secs
3 x 10-7 secs J

Please have the computer print out the identical information to that received
from the previous solution. This will afford a direct basis of comparison
between the two types of cells, high field in front and high field in back.

3 x 10-6 secs

3 x 10_8 secs |

We are also at present preparing other data which includes different lifetime,
mobility and field distribution and this will be submitted as soon as it is
compiled. However, it would be interesting to note the results of the present
solution before anything further is finalized.

Either Steve or I hope to see you at the Photovoltaic Specialists Conference
there at Goddard in October.

Sincerely,

ELECTRO-OPTICAL SYSTEMS, INC.

G. P. Rolik, Engineer
Aerospace Electronics Division

GPR:slt
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